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The recombination velocity at oxide–GaAs interfaces fabricated by in situ multiple-chamber
molecular beam epitaxy has been investigated. Ga2O3, Al2O3, SiO2, and MgO films have been
deposited on clean, atomically ordered n- and p-type ~100! GaAs surfaces using molecular beams of
Ga–, Al–, Si–, and Mg oxide, respectively. Based on the internal quantum efficiency measured for
incident light power densities 1<P0<104 W/cm2, the interface recombination velocity S has been
inferred using a self-consistent numerical heterostructure device model. While Al2O3– , SiO2–,
and MgO–GaAs structures are characterized by an interface recombination velocity which is
comparable to that of a bare GaAs surface ~> 107 cm/s!, S observed at Ga2O3–GaAs interfaces is
as low as 4000–5000 cm/s. The excellent Ga2O3–GaAs interface recombination velocity is
consistent with the previously reported low interface state density in the mid 1010 cm22 eV21 range.
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GaAs interfaces with low interface recombination velocity
and defect density has remained one of the key challenges in
compound semiconductors during the last three decades.1
Pivotal aspects include an extremely low GaAs surface ex-
posure to impurity gases ~,10–100 Langmuirs, 1 L51026
Torr s! and the preservation of GaAs bulk and surface
stoichiometry,2 the complete exclusion of GaAs surface
oxidation,3,4 and the specific chemical bonding associated
with the interfacial atoms of GaAs and the insulating
species.5 Previous efforts including a variety of dry and wet
surface treatments prior to deposition of dielectric films,6,7
photowashing,8–10 oxidation of GaAs11 or Ga,12 and vacuum
treatment,13,14 inadequately addressed the above-mentioned
requirements. Consequently, only limited improvements of
electronic interface properties were demonstrated and com-
mercial device applications have not yet been reported. We
have recently demonstrated that thermodynamically stable,15
low interface state density D it16 insulator-GaAs interfaces
can be fabricated when specific molecules are deposited on
clean, atomically ordered ~100! GaAs surfaces under ultra-
high vacuum ~UHV! conditions. This letter investigates the
interface recombination velocities S measured at our in situ
fabricated oxide-GaAs interfaces with emphasis on the
unique feature of low S at Ga2O3–GaAs interfaces.
The 2 in. wafers have been fabricated using a multiple-
chamber UHV system.17 The fabrication was comprised of
1.5-mm thick n-type ~donor concentration ND51.631016
cm23! or p-type ~acceptor concentration NA54.431016
cm23! GaAs layers grown by solid source molecular beam
epitaxy ~MBE! on heavily Si or Zn doped ~100! GaAs sub-
strates, respectively. Subsequently, the freshly grown film
with an As-stabilized ~234! surface was transferred under a
vacuum of 6310211 Torr from the III–V MBE chamber
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(1310210 Torr! for oxide deposition. Prior to oxide deposi-
tion, ~i! the surface stoichiometry and atomic order are pre-
served as observed by reflection high-energy electron
diffraction,5 and ~ii! extremely low GaAs surface exposure
~predominantly oxygen! of typically less than 10 L has been
accomplished.5 The surface exposure prior to opening the
shutter for oxide deposition was caused by vaporization and
thermal dissociation of the oxide target during electron-beam
heating. Based on typical initial sticking coefficients for
oxygen1,18 the GaAs surface impurity coverage is estimated
at 1025%–1023% of a monolayer or at 108– 1010 surface
impurities/cm2 prior to deposition. Finally Ga2O3, Al2O3,
SiO2, or MgO films were deposited on a clean, atomically
ordered ~100! GaAs surface at substrate temperatures Ts
ranging from 0 to 620 °C using a molecular beam of Ga-,
Al-, Si-, or Mg oxide, respectively. The oxide molecules
were supplied by electron-beam evaporation of a single-
crystal Gd3Ga5O12 ~see Ref. 19!, Al2O3, SiO2, or MgO
source, respectively. Note that chemical reaction products, in
particular As oxides and metallic As, are not detectable in all
in situ fabricated oxide–GaAs interfaces.5 Reference
samples with identical GaAs epitaxial structure and substrate
were also fabricated in the same solid-source III–V chamber
using ~i! no oxide deposition ~bare samples! and ~ii!
Al0.45Ga0.55As–GaAs interfaces.
The fabricated structures have been investigated by stan-
dard steady-state photoluminescence ~PL! measurements us-
ing an argon ion laser (l05514.5 nm!. First, PL measure-
ments at high injection level have been used to qualitatively
characterize the Ga2O3–, SiO2–, Al2O3–, MgO–, and
Al0.45Ga0.55As–GaAs interface as well as the bare sample
surface. At high injection level (r.N), radiative recombi-
nation dominates for low nonradiative contributions ~internal
quantum efficiency h>1!, however, quantum efficiencies
close to that of a bare sample ~h!1! are measured for high
surface recombination velocity S>106 cm/s.20 Here, r and N
are the injected carrier density and the doping concentration,
respectively. Figure 1 shows typical PL spectra obtained36053605/3/$10.00 © 1996 American Institute of Physics
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Downlofrom oxide– and Al0.45Ga0.55As–GaAs interfaces as well as
from the bare sample surface ~n type!. The excitation density
P0 is 1100 W/cm2. Clearly, the results shown in Fig. 1 reveal
two distinctively different classes of interfaces where the first
group includes Ga2O3- and Al0.45Ga0.55As–GaAs and the
second comprises the other oxides. The latter group exhibits
a surface recombination velocity S comparable to that of a
bare surface ~>107 cm/s! and a Fermi level pinned at the
interface as demonstrated by C–V measurements ~not
shown!. Evidently, the fundamentally different electronic in-
terface properties observed at various in situ fabricated
oxide–GaAs interfaces are due to the specific chemical
bonding associated with the interfacial atoms of GaAs and
the deposited oxide molecules. Therefore, we have chosen
the term intrinsic pinning for our observation of Fermi-level
pinning in situ fabricated SiO2–, Al2O3–, and MgO–GaAs
interfaces.5 Similar results have been measured for p-type
Ga2O3- and Al0.45Ga0.55As–GaAs structures ~Fig. 2!. In the
following, we will focus on the unique electronic interface
properties of in situ fabricated Ga2O3–GaAs interfaces.
The interface recombination velocity S has been inferred
from thorough studies of the internal quantum efficiency h
over a wide range of incident light densities (1<P0<104
W/cm2). This technique is based on the relative weight of
the nonradiative recombination rate RSRH ~Shockley–Read–
Hall recombination! given here for a single defect level lo-






and the radiative recombination R rad5B(np2ni2) as a func-
tion of P0. Here, p, n, tp , tn, ni , and B are the hole and the
electron density, the hole and electron lifetime, the intrinsic
carrier density, and the radiative band–to–band recombina-
FIG. 1. Measured PL spectra of n-type oxide– and Al0.45Ga0.55As–GaAs
structures as well as of a corresponding bare surface. The deposition tem-
peratures for Ga2O3 are 620, 360, and 550 °C from the highest to the lowest
measured spectrum, respectively. The other results were typically obtained
for Ts5660 °C ~Al0.45Ga0.55As!, and 0 °C<Ts<500 °C ~Al2O3, SiO2, and
MgO!.3606 Appl. Phys. Lett., Vol. 68, No. 25, 17 June 1996
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combination, tp/n[1/Sp/n , where Sp and Sn are the interface
recombination velocities for holes and electrons, respec-
tively. At intermediate and high injection levels. RSRH de-
creases relative to the radiative recombination rate resulting
in a unique curve shape of h vs P0 for a specific S.21 This is
demonstrated in Fig. 3 which shows the measured ~symbols!
and simulated ~dashed lines! efficiency h vs P08 of
Ga2O3–GaAs structures and, for comparison purposes, that
of an Al0.45Ga0.55As–GaAs interface ~n type! with S5Sp
5Sn as a parameter. The simulation results have been ob-
tained from calculated PL depth profiles to be discussed
later. Note that the analysis has been performed from low to
very high in-
FIG. 2. Measured PL spectra of p-type Ga2O3– and Al0.45Ga0.55As–GaAs
structures as well as of a corresponding bare surface. These results were
typically obtained for Ts5690 °C ~Al0.45Ga0.55As! and 450 °C
<Ts<600 °C (Ga2O3).
FIG. 3. Measured ~symbols! and calculated ~lines! internal quantum effi-
ciency h as a function of P085TP0, where T is the optical transmissivity of
the samples. For Ga2O3, squares, diamonds, and circles represent results
measured for Ts5360, 550, and 620 °C, respectively.Passlack et al.
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Downjection levels since the carrier densities are 6.531014 and
7.831017 cm23 at the semiconductor surface for the lowest
and highest excitation densities P0 of 1 and 104 W/cm2,
respectively. Since the PL intensity is not measured in abso-
lute units, the measured curves are rigidly shifted to the cal-
culated ones.21 The best fit of the simulations to the measure-
ment data has been attained for S54000–5000 and 1000
cm/s for Ga2O3– andAl0.45Ga0.55As–GaAs structures, re-
spectively.
The simulation results shown in Fig. 3 have been ob-
tained from calculated PL depth profiles using a self-
consistent, numerical device model for semiconductor
heterostructures.22 By way of illustration, Fig. 4 shows com-
puted PL depth profiles for n-type Ga2O3- and
Al0.45Ga0.55As–GaAs structures and for a corresponding bare
surface for P085500 W/cm2. Note that the drop of PL at the
epilayer-substrate interface is caused by the degeneracy of
the GaAs substrate. For Ga2O3–GaAs n-type structures, the
material parameters of the GaAs epitaxial layer and substrate
used in the simulations are tp5tn5t!` and 10 ns,20 and
ND51.631016 and 231018 cm23, respectively. Absorption
coefficient a and B coefficient are 9.33104 cm21 ~Ref. 23!
and 2310210 cm3 s21, respectively. It should be noted that
the assumption of an infinite t in the epitaxial layer results in
an upper limit for S when simulation results are fitted to
measurements since nonradiative bulk and surface recombi-
nation have comparable effects on the PL- P08 characteristics.
The impact of a realistic t of the order of 100 ns,20 however,
is only marginal. Additional parameters used in the simula-
tions are for Al0.45Ga0.55As:t51 ns, a55.33104 cm21 ~Ref.
23!, S, D it and Schottky barrier height at the Al0.45Ga0.55As
surface are 107 cm/s, 531013 cm22 eV21, and 0.95 eV,
respectively; and for the GaAs bare surface: D it5531013
cm22 eV21, Sn and Sp52.43105 and 107 cm/s, respec-
tively. For a bare surface, Sn,Sp may be attributed to a
much smaller neutral-center cross section for electron cap-
FIG. 4. Simulated PL depth profiles for n-type Ga2O3–GaAs ~S54500
cm/s! and Al0.45Ga0.55As–GaAs ~S51000 cm/s! structures and for a corre-
sponding bare surface. The GaAs surface is located at a distance of 100 nm.Appl. Phys. Lett., Vol. 68, No. 25, 17 June 1996
loaded¬16¬Dec¬2010¬to¬140.114.136.25.¬Redistribution¬subject¬to¬AIPture when compared to the hole-capture cross section of
negatively charged centers.20











is estimated using the D it2E relation derived in Ref. 16.
Here, v¯, Ec , Ev , E, k, and T are the average thermal veloc-
ity, the conduction, and valence-band energy, the energy, the
Boltzmann constant, and the temperature in K. Using v¯
5107 cm/s and S54500 cm/s, a capture-cross-section s>
10215 cm2 has been obtained.
In summary, we have demonstrated very low recombi-
nation velocities at in situ fabricated Ga2O3–GaAs inter-
faces. This result is consistent with the previously reported
low interface state density in the mid 1010 cm22 eV21
range.
The authors would like to thank T. D. Harris for many
helpful discussions. One of the authors ~M. Passlack! grate-
fully acknowledges support by the Deutsche Forschungsge-
meinschaft.
1A review can be found in C. W. Wilmsen, Physics and Chemistry of III-V
Compound Semiconductor Interfaces ~Plenum, New York, 1985!.
2See, for example, W. E. Spicer, I. Landau, P. Skeath, C. Y. Su, and P.
Chye, J. Vac. Sci. Technol. 17, 1019 ~1980!.
3G. P. Schwartz, Thin Solid Films 103, 3 ~1983!.
4 J. M. Woodall and J. L. Freeouf, J. Vac. Sci. Technol. 19, 794 ~1981!.
5M. Passlack, M. Hong, R. L. Opila, J. P. Mannaerts, and J. R. Kwo, Appl.
Surf. Sci. ~in press!.
6See, for example, J. S. Herman and F. L. Terry, Appl. Phys. Lett. 60, 716
~1992!.
7See, for example, C. J. Sandroff, M. S. Hedge, L. A. Farrow, B. Bhat, J. P.
Harbison, and C. C. Chang, J. Appl. Phys. 67, 586 ~1990!.
8S. D. Offsey, J. M. Woodall, A. C. Warren, P. D. Kirchner, T. I. Chapell,
and G. D. Pettit, Appl. Phys. Lett. 48, 477 ~1986!.
9C. W. Wilmsen, P. D. Kirchner, and J. M. Woodall, J. Appl. Phys. 64,
3287 ~1988!.
10S. M. Beck and J. E. Wessel, Appl. Phys. Lett. 50, 149 ~1987!.
11H. Hasegawa, K. E. Forward, and H. L. Hartnagel, Appl. Phys. Lett. 26,
567 ~1975!.
12A. Callegari, P. D. Hoh, D. A. Buchanan, and D. Lacey, Appl. Phys. Lett.
54, 332 ~1989!.
13S. P. Kowalczyk, J. R. Waldrop, and R. W. Grant, J. Vac. Sci. Technol.
19, 611 ~1981!.
14R. W. Grant, J. R. Waldrop, S. P. Kowalczyk, and E. A. Kraut, J. Vac. Sci.
Technol. 19, 477 ~1981!.
15M. Passlack, M. Hong, J. P. Mannaerts, R. L. Opila, and F. Ren, Appl.
Phys. Lett. ~in press!.
16M. Passlack, M. Hong, and J. P. Mannaerts, Appl. Phys. Lett. 68, 1099
~1996!.
17M. Hong, J. Cryst. Growth 150, 277 ~1995!.
18R. Ludeke and A. Koma, Crit. Rev. Solid State Sci. 5, 259 ~1975!.
19M. Passlack, E. F. Schubert, W. S. Hobson, M. Hong, N. Moriya, S. N. G.
Chu, K. Konstadinidis, J. P. Mannaerts, M. L. Schnoes, and G. J. Zydzik,
J. Appl. Phys. 77, 686 ~1995!.
20R. K. Ahrenkiel and M. S. Lundstrom, Minority Carriers in III-V Semi-
conductors: Physics and Applications ~Academic, Boston, 1993!, Chap. 2.
21O. Brandt, K. Kanamoto, M. Gotoda, T. Isu, and N. Tsukada, Appl. Phys.
Lett. 67, 1885 ~1996!.
22See, for example, M. S. Lundstrom and R. J. Schuelke, IEEE Trans. Elec-
tron Devices 30, 1151 ~1983!.
23S. Adachi, J. Appl. Phys. 58, R1 ~1985!.3607Passlack et al.
¬license¬or¬copyright;¬see¬http://apl.aip.org/about/rights_and_permissions
